Abstract-Biologically inspired robotic applications have recently received significant attention due to developments in novel materials and actuators with an operation principle similar to the natural muscles'. Electroactive polymer (EAP) actuators, also known as artificial muscles, possess extraordinary properties such as low efficiency consumption, compliance, bio-compatibility and ability to be miniaturized. Although several methodologies have been proposed for modeling and identification of their quasi-static bending behavior, a negligibly small attention has been given to their dynamic behavior. In this paper, we, therefore, report on their electromechanical modeling and parameter identification. We model the tri-layer EAP actuators as a soft robotic actuator consisting of a significant number of rigid links connected with compliant revolute joints. The experimental and numerical results presented suggest that the soft robotics approach is an effective way to model the EAP actuator and subsequently identify its dynamic parameters accurately. We have previously employed the same soft robotic approach to estimate the whole shape of the EAP actuator as a function of time.
I. INTRODUCTION
OFT robotic devices based on highly flexible materials have gained significant momentum in the last decade due to their favorable characteristics such as compliance, compactness, ease of manufacturability, and being suitable to miniaturization. Of those materials used to establish artificial muscles exhibit natural muscle like behaviors [1, 2] . The EAP actuators, the most popular of the artificial muscles, have several advantageous over other smart material actuators such as manufacturability in nano-and micro-size, small energy consumption, a high force output to weight ratio, biocompatibility, ability to operate in air and aqueous environments, compliance, and silent operation. EAP actuators have been proposed for applications including micro robotic gripping systems, energy converters, swimming devices, crawling robots, micro manipulators, stiffness regulators, motion converter mechanisms and many more [3] [4] [5] [6] [7] [8] [9] [10] [11] . The EAP actuators are especially suitable for biologically-inspired robotics -thanks to their natural muscle R. Mutlu like working principles. Inspired from fish swimming, the EAP actuators were employed to establish swimming robots powered through their caudal fin for a nautical motion [6, 7] . Mutlu et al. [12] first time proposed the EAP actuators forming a helical shape from a planar spiral that is inspired from bacteria (i.e. E. coli) forming its flagella into a helical shape to swim. Sareh and Rossiter [13] have later reported on bio-inspired devices powered by ionic polymer metal composite (IPMC) actuators with which an atrioventricular cuspid valve and Vorticella campanula's retracting stalk motions are replicated.
A number of methodologies have been followed in the literature in order to model and analyze the EAP actuators' bending behaviors based on their chemical, electrical, mechanical properties and parameters. In most of these studies, the EAP actuators' bending behavior is analyzed using a cantilever-beam-bending approach in which an electrical stimulus is applied at the EAP actuator's fixed-end and its displacement is measured from the EAP actuator's free-end as an output using either a finite element method or black box approach (i.e. SISO based on a transfer function) [14] [15] [16] [17] . Alici also applied the classical beam theory taking non-linear effects into account to estimate non-linear bending displacements of the PPy-EAP actuators [18] . However, these studies focus on quasi-static bending behavior of the EAP actuators. A more comprehensive model explaining their dynamic behavior will be crucial for the EAP actuators if they are to be employed in more advanced applications such as medical devices, micro robots, artificial organs/muscles and other bio-inspired applications. The dynamic model should not only estimate the EAP actuator's tip positions, but also be able to predict the whole bending behavior of the EAP actuator as a function of time.
One can follow several methods to obtain a dynamic model. In general, two methods are commonly used [19] ; i. to identify a transfer function based on the system's input/output behavior,
ii. to establish a mathematical model using the NewtonEuler method, the Lagrangian or the Hamilton formulations. where `g :Eá Tá -; is the elastic energy of the i-th discretized section on the backbone curve of the EAP actuator. The gravitational potential energy of each discretized section is given by
where ‰ is the gravitational acceleration, oe g :EáTá-; is the vertical distance between the centre of mass of i-th discretized section and the base plane. The total gravitational potential energy is obtained as ê e :-; Í eg :Eá Tá -;
If the EAP actuator operates in the horizontal plane where the vertical distance of discretized sections along the backbone curve do not change, the potential energy of the EAP actuator depends only on its elastic bending property. The Lagrangian is, therefore, given in the following form [32] ae:-; L å:-; Fê:-;
( 1 0 ) where å:-; is the total kinetic energy and ê:-; is the total potential energy of the EAP actuator. Using the Lagrangian, the motion equations are obtained from
where " g represents the generalized coordinates at each joint. î g is the torque (i.e. internal bending moment) at i-th joint. " indicates the damping coefficient in the rotational generalized coordinates.
As the purpose of the dynamic modeling of the EAP actuator is to estimate the actuator's dynamic behavior for applied electrical input, a relation is required between the mechanical load and input voltage. The mechanical load is generated by a series of electrochemical reactions in the EAP actuator. The electrical input stimulates the volume change in the active polymer layer and this volume change (i.e. strain) creates a stress field (i.e. mechanical load or pressure) [9, 10] . This mechanical load is then used to calculate the internal moments or torques in the dynamic model obtained. The internal moment for each joint in the hyper-redundant model of the EAP actuator can be expressed as a function of time and input voltage [18] ;
where ( ÕßâÖÞÜáÚ is the blocking force measured experimentally, . and H are the overall length and each link length of the EAP actuator, respectively. The electromechanical equations can be written in a matrixvector form by employing Eqs. 11-14;
î:-; L k":-;o "7 :-; E k":-;á" 6 :-;o E :":-;;
V. EXPERIMENTAL RESULTS AND DISCUSSION
The PPy-EAP actuator used in the experiments was cut into the dimensions of 20x3x0.17mm, length, width and thickness, respectively. Although there is no restriction on the number of links in the soft robotic actuator model , the kinematic and dynamic models are developed as if the actuator is a 16-DoF hyper-redundant actuator (i.e. 16 serially connected rigid links with compliant and damped joints). The higher is the number of the links in the soft robotic actuator model; the better is the shape correspondence between the real EAP actuator and the model. Of course, the computational cost will increase as the number of links increases in the models.
The EAP actuator's elastic behaviors are conditiondependent; electrical input, ion diffusion, the geometry, porosity in the tri-layers, and conductivity of the active layers, electrolyte conductivity and its molarity change the EAP actuator's elastic behavior. Joint stiffness and damping parameters should be estimated dynamically [33] [34] [35] . The joint stiffness and damping values are obtained by employing a direct dynamic parameter identification method in which the identification is performed using experimental data. We employ a non-linear least-square formulation to identify the joint stiffness and damping parameters by minimizing the error between the experimental and simulation results as formulated below; where i is the k-th element of the right side of the Eq.15, P is the standard deviation and represents unknown parameters (i.e. joint stiffness and damping values).
The key components of the experimental setup are presented in Figure 4 in three main groups; actuation and measurement (i.e. tip displacement measurement by an image processing and force measurement system), inverse kinematic shape estimation, and electromechanical model validation. The electrical input signals were generated using a SIMULINK program and passed through an USB-type NI-DAQ card (NI USB-6251) to a potentiostat. The electrical inputs were applied to the PPy-EAP actuator using a gold coated clamp. The blocking force data were obtained using a dual-mode lever arm (Aurora Scientific, 300C-LR) system. The motion of the PPy-EAP actuator was recorded using a digital camera (Nikon D5100). The PPy-EAP actuator was stimulated from its neutral state (i.e. straight) to a fully-bent state. The PPy-EAP actuator was tested by applying input voltages from 0.25V to 1 Future work includes validating the proposed modeling and identification methodology for the EAP actuators with different geometric parameters and demonstrating the relationship between their geometric and dynamic parameters. We will also test this soft robotic electromechanical model for the EAP actuators with various external loading conditions. This model will also be used to predict the dynamic behavior of a multi-stable linear actuation mechanism [10] and will serve well for its design optimization.
